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A study was made of the effect of poly(3-hydroxybutyrate) on the consumption and accumulation of chromophore groups, and also the absorption of oxygen, during the photooxidation of a copolymer of vinyl alcohol and vinyl acetate.
The photooxidation and photodegradation of polymeric materials are among the most important factors determining the service life of articles manufactured from them, and also their ability to break down under natural conditions at the end of their service life.
In this context, the natural polymer poly(3-hydroxybutyrate) (PHB) possessing high biocompatibility and biodegradability is of considerable interest. Wellknown shortcomings of this polymer, however, are its relatively low physicomechanical characteristics. This explains the large number of investigations devoted to the development and study of materials based on blends of PHB with other polymers [1, 2] , chiefly with polyethylene [3, 4] . Additional interest in these blends is due to the development of new materials of medical designation, in which, through the PHB, as with other polymers of moderate moisture absorption, it is possible to control their diffusion and sorption characteristics with the aim of controlling the rate of release of drugs in the body.
The choice of blends based on a copolymer of vinyl alcohol and vinyl acetate (CVAlVA) and PHB for the present investigation was dictated by several facts. The extremely limited compatibility of PHB with polymers of other classes, along with the high crystallinity of the PHB itself, leads to a sharp increase in light scattering of such blends even when optically transparent polymers are selected as the second component. This makes quantitative analysis of the photooxidation processes of PHB-based blends, important for understanding the role of the main reactions determining the stability of such materials under natural conditions, considerably more difficult. Blends of CVAlVA and PHB differ favourably from many other systems in this regard. They possess fairly good transparency with a low (≤20%) PHB content, which makes them promising systems for investigation. An additional basic incentive is the availability of data on the partial compatibility of phases in such blends [6] , which makes it possible to calculate for the considerable effects of the mutual influence of the components. From the practical viewpoint, interest in their investigation is connected with the prospects of using them as biocompatible materials of medical designation, and also as packaging materials suitable, in particular, for foodstuffs.
In the work, use was made of PHB produced by microbiological synthesis, by the company BIOMER ® (Germany), in the form of a white, finely dispersed powder (molecular weight ~340 000, melting point 176°C, degree of crystallinity 69%), and also industrial CVAlVA of grade 8/27 (Russia) with a vinyl acetate content of 27% and a molecular weight of 38 000.
On a single-screw extruder ARP-20 (Russia) with a screw diameter of 20 mm and an aspect ratio of 25, films of 60 ± 5 µm or 200 ± 10 µm thickness were formed from mechanical mixtures with a given mass ratio of components. The temperature of the different zones of the extruder varied from 150 to 190°C.
The specimens were irradiated in air with the light of a high-pressure (DRSh-1000) or low-pressure (DB-60) mercury lamp, and also in a SUNTEST XLS+ apparatus for accelerated tests of light resistance, the radiation in which practically matches solar radiation under natural conditions.
The oxygen absorption rate was determined by the manometric method on a special unit with a temperaturecontrolled quartz cell having a sensitivity of about 2 × 10 -8 mol. The temperature of the specimens during irradiation was kept constant with an accuracy of 0.1°C using a water thermostat. Solid KOH was used as the oxidation product absorbent.
The absorption spectra of the initial films, and also their changes during radiation treatment, were recorded using Specord UV-Vis and Multispec-1501 spectrophotometers.
The irradiation of films of CVAlVA and PHB blends, as with films of individual CVAlVA, with the l = 254 nm light of a DB-60 low-pressure mercury lamp or with the l > 290 nm light of a xenon lamp in the SUNTEST XLS+ apparatus leads to a complex change in the absorption spectra in the near-UV and visible region: at the start of radiation treatment, the optical density falls fairly sharply, and then increases relatively slowly, approaching its stationary value during prolonged radiation. As shown in Figure 1 , the radiation period in which the optical density reaches its original value depends considerably on the composition of the specimens, and the less so the higher the PHB content in the blend. This effect is particularly marked when specimens of a blend of CVAlVA and PHB (20%) and of individual CVAlVA are compared ( Figure 1, curves 3 and 1) . This seems to be due to the higher formation rate of chromophore groups in the presence of PHB. The higher value of the stationary optical density for the polymer blend specimen is probably connected with this.
Data of X-ray diffraction analysis, and also dependences of the melting point and glass transition temperature on composition, obtained earlier [6] , indicate the compatibility of PHB and CVAlVA. However, the interaction is limited in nature, which is indicated, in particular, by the presence of pronounced characteristic reflexes of the crystalline phase of PHB on the X-ray diffraction patterns of films containing ≥30% PHB. On the basis of an analysis of the dependences of the physicomechanical characteristics (tensile stress causing failure, elongation at break, and elastic modulus) and also the water diffusion coefficient on the ratio of components, it was established that, with a PHB content of the blend of up to 20%, the continuous phase is formed by the CVAlVA partially modified with poly(3-hydroxybutyrate) [6] . PHB is oxidised fairly readily under the action of shortwave UV light [7] , and, in a blend with CVAlVA, it acts as a peculiar high-molecular-weight photoinitiator increasing the phototransformation rate of the CVAlVA with the formation of coloured products.
The appreciable influence of PHB on the ageing of blends of CVAlVA and PHB is also indicated by the results of investigating the kinetics of photooxidation. It was shown that the radiation treatment of films of a blend of CVAlVA and PHB (20%) leads to a change in pressure in the manometric cell, connected with oxygen absorption. As also for individual PHB, the photooxidation rate of blends of CVAlVA and PHB depends considerably on temperature. The activation energy of photooxidation, determined from the slope of the line in Arrhenius equation coordinates, amounts to 20 kJ/mol. This value is in good agreement with the value determined earlier by the present authors for the activation energy of photooxidation of individual PHB (16 kJ/mol [7] ), but considerably greater than the activation energy of photooxidation of individual VAl-VA (9 kJ/mol). Thus, the results of investigating the kinetics of absorption of oxygen during the photooxidation of blends of CVAlVA and PHB indicate that a determining factor is the photooxidation of PHB.
The CVAlVA studied in this work absorbs light fairly strongly in the UV region (maximum at 275 nm and shoulder at 313 nm). In accordance with published data [8] , this absorption is characteristic both of polyvinyl alcohol and of polyvinyl acetate. It is normally attributed to the carbonyl groups formed during the synthesis of polymers in the presence of acetaldehyde and oxygen (1) and blends of CVAlVA with 10% PHB (2) and 20% PHB (3) . Points -experimental data; curves -calculations according to equation (1) impurities [8] . However, in some studies, this absorption is attributed to polyconjugated structures, in particular to trienes [9] . A detailed spectrophotometric study, conducted on fine CVAlVA specimens, made it possible to confirm the above preliminary conclusion concerning the high photochemical activity of these groups. As can be seen in Figure 2 , with short radiation times, ≤50 h, the corresponding absorption disappears practically entirely. The transformation of these groups is accompanied only insignificantly with the appearance of broad structureless absorption in the near-UV and visible region, assigned by us, in accordance with published data, to polyconjugated structures (maximum absorption at 280-290 nm).
The considerable induction period of accumulation of secondary chromophore groups indicates the complex nature of the process, including several stages. In the case analysed, this can be presented in the form of a sequence of two first-order reactions taking into account the transformation of polymer PH into weakly absorbing photochemically active PAG groups which in turn are transformed into polyconjugated structures PCS:
It is also necessary to take into account the consumption of the oxygen-containing chromophore groups OCG present in the CVAlVA, formed during the synthesis of the copolymer and transformed under the action of light, again by a first-order reaction, with the formation of groups NAG not absorbing in the near-UV and visible region:
Then the change in the relative absorption (optical density) A/A 0 should correspond to the following equation:
where a and b are parameters taking into account absorption with an "infinitely long" time of radiation t, and k 0 , k 1 , and k 2 are rate constants of transformation of OCG, PH, and PAG respectively.
As can be seen in Figure 2 , available experimental data are described well by equation (1) . It is significant that constants k 1 and k 2 are practically two orders of magnitude lower than constant k 0 . Consequently, the primary chromophore groups OCG are not direct precursors of the polyconjugated structures PCS formed during prolonged radiation, and also acting as intermediate products of photochemically active groups PAG. Equation (1) also describes well the change in absorption during the radiation treatment of thicker films produced from CVAlVA and also from blends of CVAlVA and PHB (Figure 1 ). In these cases as well, as indicated by kinetic analysis, the accumulation of products during prolonged photolysis is not connected directly with the consumption of primary chromophore groups. Note that the characteristic form of the change in absorption during the radiation treatment of films of CVAlVA and of blends of CVAlVA and PHB does not depend on the spectral composition of the light. Relationships of a similar type were obtained under the polychromatic light of a mercury lamp, and also during the radiation treatment of specimens with the light of a xenon lamp in the SUN-TEST XLS+ apparatus.
The consumption rate w of the chromophore groups OCG contained in CVAlVA depends considerably on temperature T. Figure 3 gives the dependence of w on inverse temperature in accordance with the Arrhenius equation
where w 0 is the rate at the "standard" temperature T 0 (in the present case, T 0 = 293 K), E is the activation energy, and R is the universal gas constant. The activation energy of the process in the range 20-70°C, as determined by means of equation (2), amounts to 30 kJ/mol. This is similar in magnitude to the activation energy of discontinuities and crosslinks in PVA in the range 30-80°C (39 kJ/mol, l = 254 nm light irradiation in vacuum [10] ). As expected on the basis of the results given above, PHB has little influence on the consumption rate of chromophore groups during the photolysis of blends of CVAlVA and PHB. The activation energy of this process for blends containing 20% PHB hardly differs from the corresponding magnitude for individual CVAlVA (Figure 3) .
These results are further evidence of the fact that the effect of PHB on the photooxidation of CVAlVA is unconnected with change in the activity of the chromophore groups of CVAlVA in regions of phase partial compatibility and close to the phase boundary. It can be assumed, therefore, that this effect is due largely to the formation in the PHB phase, during its photooxidation, of active low-molecular-weight radicals diffusing into the CVAlVA phase and initiating its oxidation. These radicals seem to be
• OH radicals, because water, along with CO 2 , is the main photooxidation product of PHB [7] .
Thus, in blends with CVAlVA, PHB, as the component that oxidises more readily, shortens considerably the induction period and increases the rate of accumulation of polyconjugated structures which lead to yellowing of the material under UV light. The correspondence of the activation energies of photooxidation of blends of CVAlVA and PHB (20 kJ/mol) and individual PHB, with account taken of data on the partial phase compatibility, makes it possible to conclude that it is the processes in the PHB phase and the transformation of PHB at the phase boundary that are responsible for acceleration of the photooxidation of CVAlVA in the blends.
